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Abstract: Land surface phenology (LSP), the study of the timing of recurring cycles of 
changes in the land surface using time-series of satellite sensor-derived vegetation indices, 
is a valuable tool for monitoring vegetation at global and continental scales. Characterisation 
of LSP and its spatial variation is required to reveal and predict ongoing changes in Earth 
system dynamics. This study presents and analyses the LSP of the pan-European continent 
for the last decade, considering three phenological metrics: onset of greenness (OG), end of 
senescence (EOS), and length of season (LS). The whole time-series of Multi-temporal Medium 
Resolution Imaging Spectrometer (MERIS) Terrestrial Chlorophyll Index (MTCI) data at 1 km 
spatial resolution was used to estimate the phenological metrics. Results show a progressive 
pattern in phenophases from low to high latitudes. OG dates are distributed widely from the 
end of December to the end of May. EOS dates range from the end of May to the end of 
January and the spatial distribution is generally the inverse of that of the OG. Shorter 
growing seasons (approximately three months) are associated with rainfed croplands in 
Western Europe, and forests in boreal and mountainous areas. Maximum LS values appear 
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in the Atlantic basin associated with grasslands. The LSP maps presented in this study are 
supported by the findings of a previous study where OG and EOS estimates were compared to 
those of the pan-European phenological network at certain locations corresponding to 
numerous observations of deciduous tree plant species. Moreover, the spatio-temporal 
pattern of the OG and EOS produced close agreement with the dates of deciduous tree leaf 
unfolding and autumnal colouring, respectively (pseudo R-squared equal to 0.70 and 0.71 and 
root mean square error of six days (over 365 days)). 
Keywords: land surface phenology; MTCI; biogeographical regions; land covers;  
spring; autumn 
 
1. Introduction 
Phenology, the study of the timing of recurring biological cycles, has emerged as an important 
scientific research focus as vegetation phenological events are regarded as one of the indicators of 
climate change [1–3]. All vegetation phenological events, such as emergence of the first leaf, flowerin,g 
or senescence, occur at a specific time depending upon the species, and local environmental and climatic 
conditions of the current and preceding months. In northern latitude regions such as Europe, temperature 
is one of the main drivers regulating vegetation phenological events. Thus, changes in temperature as a 
consequence of global warming may lead to changes in the timing of phenological events [4]. In addition, 
vegetation phenology is of paramount importance for the understanding of ecosystem functioning, 
playing an important role in gas and energy fluxes, surface albedo, and species interactions [5–7]. Given the 
pivotal role of this aspect of vegetation dynamics (phenology responds to climate drivers; phenology 
drives ecosystem functioning and land-atmosphere exchanges), there is a pressing need for routine 
monitoring of vegetation phenology and to understand further how these events vary over space and 
time. Thus, characterisation of the spatial patterns in phenology across extensive regions, as an indicator 
of the status of ecosystems, is important in understanding existing conditions as well as future changes. 
Vegetation phenological studies are currently undertaken from two different perspectives:  
Ground-observed phenology and satellite-estimated phenology, commonly termed land surface 
phenology (LSP). More recently, observations have been obtained using continuous images from fixed 
digital cameras looking across the landscape (e.g., Phenocam network [8]). The dates of plant 
phenophases have been observed traditionally through individual plant observations by individuals (e.g., 
citizen scientist) and in many countries there are established networks to support and coordinate these 
observations. Numerous ground phenological studies have been conducted in Europe [2,3,9–14] to 
investigate vegetation response as short- and/or long-term response to climatic drivers. These 
phenological studies have the advantage of long temporal coverage with many of these going back to 
the early 1900s, although the phenological events identified represent individual species rather than 
communities [15,16]. Alternatively, land surface phenology derived from satellite observation 
complements ground observations, allowing the mapping of vegetation phenology potentially at the 
global scale and providing an integrative view at the landscape level [17]. The ability of remotely sensed 
data to monitor inter-annual changes in phenological events is reliant on the sensitivity of vegetation 
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indices (used as a surrogate for monitoring vegetation growth) to changes in both leaf area and 
chlorophyll concentration [18]. Satellite-based information can be used to construct multi-temporal records 
of vegetation index data (phenological profiles) to estimate key phenological metrics (such as onset of 
greenness (OG), end of senescence (EOS), or length of season (LS)) [19].  
Since the launch of satellite sensors, such as the National Oceanic and Atmospheric Administration 
(NOAA) Advanced Very High Resolution Radiometer (AVHRR) and National Aeronautics and Space 
Administration (NASA) Moderate Resolution Imaging Spectroradiometer (MODIS), vegetation indices 
such as the Normalised Difference Vegetation Index (NDVI) have been used extensively in the study of 
vegetation dynamics at local-to-global scales (Table 1). However, the spatial resolution of the AVHRR 
dataset (mostly reported at 8 km) can be too coarse for studying complex landscapes with a highly 
heterogeneous vegetation cover and relief such as Europe. At this coarse resolution, the satellite sensor 
integrates different vegetation types and communities across different elevation ranges and with different 
sensitivities to climate. Therefore, some of the phenological information can be averaged or degraded at 
this scale [20]. Hence, there is a need for accurate characterization of phenology at a finer spatial resolution.  
Remote sensing and, more precisely, the design of new satellite sensors, have undergone rapid 
development over recent years. The new generation of sensors, such as MERIS (Medium Resolution Imaging 
Spectrometer), greatly increases the potential to study phenology at continental and regional scales. The 
Envisat MERIS sensor has many virtues [18,21]: (i) good radiometric quality; (ii) well-placed spectral 
sampling at visible and near-infrared (NIR) wavelengths, coupled with narrow bands that theoretically 
increase the accuracy of vegetation monitoring: (iii) and a spatial resolution up to 300 m (at nadir). Studying 
phenological trends requires long time-series, and studies in continental Europe using these more 
sophisticated satellite sensors are scarce. Although, the continuity of MERIS has been interrupted from 
2012, the availability of a time-series of 10 years of Terrestrial Chlorophyll Index (MTCI) data at 1 km 
spatial resolution provides the potential opportunity for a new characterisation of vegetation phenology 
across Europe. This spatially continuous phenological information covering the entire European continent is 
not yet available for the last decade. Several LSP studies that used other satellite sensors such as MODIS 
or SPOT (Satellite Pour l'Observation de la Terre) VGT (Vegetation) exist at a spatial resolution equal to 
or finer than 1 km for different regions of Europe (see Table 1), such as: Fennoscandia [22], Ireland [23], 
Boreal Eurasia [24], and Western Europe [25]. However, at this spatial resolution, studies at a continental 
level are scarce [26], especially when focused on the last decade [25,27], and none of them address the 
characterisation of different types of vegetation in different biogeographic regions.  
The overall objective of this research was to characterise the spatial distribution of the main 
phenological events (OG, EOS, and LS) for the pan-European continent in the last decade at a spatial 
resolution of 1 km. A secondary objective was to characterise the phenology of the main natural vegetation 
types in different biogeographical regions of Europe. This aspect is critical because many previous 
studies have not stratified phenological characteristics by land cover class and biogeographical region 
in Europe. Our approach establishes a potential reference for evaluating the susceptibility of vegetation 
to global climatic changes, and allows comparison of how different regions could respond under climatic 
conditions. The spatio-temporal reliability of the LSP estimates presented in this study has already been 
assessed in a separate study [28] using ground phenology observations for a large number of points of 
different deciduous tree plant species collected across Europe. 
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Table 1. Land surface phenology studies in Europe. AVHRR, Advanced Very High Resolution Radiometer; GIMMS, Global Inventory 
Modelling and Mapping Studies; PAL, Path finder AVHRR Land; MODIS, Moderate Resolution Imaging Spectroradiometer; SPOT, Satellite 
Pour l'Observation de la Terre. 
Study 
Year of 
Publication 
Study Area Type Resolution Period 
Composite 
Period 
Vegetation 
Index 
Myneni, et al. [29] 1997 Global GIMMS AVHRR 8 km 1981–1991 10 days NDVI 
Tucker, et al. [30] 2001 Northern Hemisphere AVHRR 8 km 1982–1999 7 days NDVI 
Zhou, et al. [31] 2001 Eurasia GIMMS AVHRR 9 km 1981–1999 15 days NDVI 
Stockli and Vidale [32] 2004 Europe PAL AVHRR 8 Km 1982–2001 10 days NDVI 
Tateishi and Ebata [33] 2004 Global PAL AVHRR 8 Km 1982–2000 10 days NDVI 
Beck, Atzberger, Høgda,  
Johansen and Skidmore [22] 
2006 
Finland Norway and 
Sweden 
MODIS 250 m 2000–2004 16 days NDVI 
Karlsen, et al. [34] 2007 Fennoscandia GIMMS AVHRR 8 Km 1982–2002 15 days NDVI 
Delbart, Picard, Le Toans, Kergoat, Quegan, 
Woodward, Dye and Fedotova [24] 
2008 Boreal Eurasia SPOT VGT 1 Km 1998–2005 10 days NDVI 
Maignan, et al. [35] 2008 Europe PAL AVHRR 8 Km 1982–1999 1 day DVI 
Julien and Sobrino [36] 2009 Global GIMMS AVHRR 8 Km 1981–2003 10 days NDVI 
De Beurs and Henebry [37] 2010 Eurasia PAL AVHRR 8 km 1981–1999 10 days NDVI 
Hogda, et al. [38] 2011 Fennoscandia GIMMS AVHRR 8 Km 1982–2011  15 days NDVI 
Jeong, et al. [39] 2011 Northern Hemisphere GIMMS AVHRR 8 km 1982–2008 15 days NDVI 
Ivits, et al. [40] 2012 Europe GIMMS AVHRR 8 Km 1982–2006 15 days NDVI 
O’Connor, Dwyer, Cawkwell  
and Eklundh [23] 
2012 Ireland MERIS 1.2 Km 2003–2009 10 days MGVI 
Atzberger, et al. [41] 2013 Europe GIMMS AVHRR MODIS 8 Km 2003–2011 15 days NDVI 
Hamunyela, Verbesselt, Roerink and Herold [25] 2013 Western Europe MODIS 250 m 2001–2011 16 days NDVI 
Han, Luo and Li [26] 2013 Europe SPOT VGT 1 Km 1999–2005 10 days NDVI 
Klisch, Atzberger and Luminari [27] 2014 Europe MODIS 250 m 2003–2011 16 days NDVI 
Zhang, et al. [42] 2014 Global AVHRR and MODIS 5 Km 1982–2010 3 days EVI 
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2. Data and Methods 
2.1. Dataset 
Three data sources were used for this research, they include: (i) temporal composites of MERIS MTCI; 
(ii) GlobCover 2009 land cover map; and (iii) a classification of the European biogeographical regions. 
The MERIS MTCI is a ratio of the difference in reflectance between band 10 and band 9 and the 
difference in reflectance between band 9 and band 8 of the MERIS standard band setting. Bands 10, 9, 
and 8 correspond to wavelengths 753.75 nm, 708.75 nm, and 681.25 nm, respectively [21]. The MTCI 
is a surrogate of canopy chlorophyll content, and therefore provides a good estimation of 
photosynthetically active period of vegetation growth. We used composites of MERIS MTCI data  
at 1 km spatial resolution from 2002 to 2012. Composite periods were equal to eight days for the  
period from 2002–2007 and ten days for 2008–2012. This dataset was supplied by the European  
Space Agency and processed by Airbus Defence and Space. MTCI data were composited from the 
MERIS L2 product using an arithmetic mean and flux conservation resampling algorithm. The arithmetic 
mean is less sensitive to temporal biases and produces consistent images in both the spatial and  
temporal domains.  
Land cover information was acquired from the Global Land Cover Classification (GlobCover2009) 
dataset at 300 m spatial resolution [43]. Currently, the GlobCover2009 dataset, derived from MERIS 
data, is the most detailed and recent global land cover map available with a hierarchical thematic legend 
consisting of 22 classes. Globcover2009 was selected for its greater consistency with MERIS MTCI 
time-series and its high geolocational accuracy (<150 m) [44]. 
Homogeneous biogeographical regions were used to stratify the European landscape at an aggregate 
level of ecological complexity. The map of biogeographical regions was based on the official delineations 
used in the Habitats Directive (92/43/EEC) and for the EMERALD Network set up under the Convention 
on the Conservation of European Wildlife and Natural Habitats (Bern Convention). This map categorizes 
Europe into 11 relatively homogeneous regions at a map scale of 1:1,000,000. 
2.2. Phenology Estimates 
The time-series MTCI data for every estimation period (i.e., year) used 1.5 years of data (from October 
in the previous year to the month of July in the next year) to estimate both the OG and EOS for every 
pixel. This length was used because the annual pattern spans across calendar years and hence complete 
information about LSP would not be obtained using single year data. The yearly values of OG and EOS 
were estimated for each image pixel of the study area using the methodology described in Dash, 
Jeganathan and Atkinson [18]. This methodology consists of two major procedures: data smoothing and 
extraction of phenological metrics. 
The MERIS MTCI is a ratio of the difference in reflectance between band 10 and band 9 and the 
difference in reflectance between band 9 and band 8 of the MERIS standard band setting. Bands 10, 9 
and 8 correspond to wavelengths 753.75 nm, 708.75 nm, and 681.25 nm, respectively. The MTCI  
time-series was smoothed using the Fourier method [45,46]. Although, there is a lack of general 
consensus regarding the robustness of smoothing methods and its performance can vary depending on data, 
Atkinson, et al. [47] showed that Fourier methods have a competitive performance when applied to 
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MERIS MTCI data and require the specification of one parameter only, the number of harmonics for 
reconstruction. The first six Fourier components (mean + five harmonics) were used because they 
reproduced satisfactorily the original annual growth profile, obtaining a good fit between raw and smoothed 
MTCI time-series. Figure 1 shows some examples of raw MTCI and smoothed time-series as well as the 
extracted phenology metrics for different land cover types. 
 
Figure 1. Inter-annual variation in MTCI values and phenology metrics for major natural 
vegetation types. (a) Broadleaved deciduous forests; (b) needleleaved evergreen forests;  
(c) grasslands; (d) shrublands. 
The first derivative (difference between one composite value and its immediate preceding neighbour) 
of MTCI time-series was computed to locate the annual maximum. This peak was defined as a point on 
the phenological profile where the curvature changes the sign before and after a negative and positive 
trend of five successive composites, respectively. Next, the derived data were searched backward and 
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forward departing at the maximum annual peak to estimate the OG and EOS, respectively. OG was 
defined as a valley at the beginning of the growing season point (a change in derivative value from 
positive to negative) and EOS was defined as a valley point occurring at the decaying end of a phenology 
cycle (a change in derivative value from negative to positive) [18]. The searching function stops when a 
valley peak greater than one-fifth of the annual maximum peak is reached. The composite number identified 
during the phenology estimation procedure was then converted to Julian days, assigning the date of the 
last day of the composite period. Figure 1 shows some examples of MTCI time-series for different land 
covers and the estimated phenology metrics. 
The length of the season was equal to the number of days between OG and EOS. The phenological 
information over homogeneous pixels was grouped and analysed in terms of each natural vegetation land 
cover and different biogeographical regions. The statistical significance of the differences in OG and 
EOS between different biogeographical regions was assessed through a two-tailed t-test. A median 
phenological map was produced from the 10 years of time-series data to characterise the spatial variation 
of phenology across Europe. The 10-year time-series analysed overcomes some limitations in the 
satellite sensor data quality for a specific year and minimises the inter-annual variation in  
LSP metrics.  
3. Results 
3.1. Spatial Variation in Phenological Metrics 
Figure 2 shows the OG, EOS, and LS of the vegetation of the pan-European continent. OG dates are 
widely distributed from -10 days (approximately 21 December) to 150 days (30 May): later OG dates 
were observed at higher latitudes and vice versa. Earlier OG is associated mainly with rainfed croplands 
in the south of Europe and grasslands in Ireland and the southwest of England and Wales. On the other 
hand, later OG occurs in Fennoscandia and the north of Russia and in mountainous areas such as the 
Carpathians or the Caucasus. The progressive patterns in phenophases from low to high latitudes are 
attributed mainly to temperature variation [48], but also to the photoperiod and winter chilling 
requirements for some temperate tree species [5]. In terms of longitudinal variation, the OG of the 
Atlantic and Mediterranean basin regions is earlier than the OG of the Continental region. This is likely 
due to different vegetation responses to climatic conditions (i.e., temperature and precipitation) [39]. This 
large variability in phenophases could be explained not only by the difference in climatic conditions between 
coastal and interior continental regions, but also by the effect of changes in altitude associated with the 
mountain ridges. 
The EOS dates range from 150 days (30 May) to 390 days (25 January), and their spatial distribution 
is generally the reverse of that of the OG dates for natural vegetation (Figure 2b). The later OG is generally 
coincident with a delayed EOS. However, this is only applicable to regions of natural or semi-natural 
vegetation, whereas cropland areas are characterised by earlier OG and EOS. Hence, regions with a later 
EOS exhibit longer length than regions with an earlier OG (Figure 2c). Note that there exist areas in 
Western Europe mainly associated with crops which present earlier dates for both OG and EOS. 
  
Remote Sens. 2015, 7 9397 
 
 
 
Figure 2. Phenology maps of Europe. (a) Onset of greenness (OG); (b) end of senescence 
(EOS); (c) length of the season (LS). 
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Figure 3. Standard deviation of phenology estimates. (a) Spatial distribution of different 
land cover types (DF); (b) onset of greenness (OG); (c) end of senescence (EOS). 
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Figure 4. Boxplots showing the distribution of OG, EOS, and LS for each vegetation type 
and biogeographical region (box, interquartile range; horizontal line, median; vertical lines, 
minimum and maximum). Box plots are shown ordinally from earliest to latest date and resume 
the information about the timing of phenophases from 2003 to 2011. Map shows the spatial 
distribution of the European biogeographical regions delineated in the Habitats Directive 
(92/43/EEC). Colours in the map correspond to the colours of boxplots. Alpine (Alp), Anatolian 
(Ana), Black Sea (B. Sea), Continental (Cont), Mediterranean (Med), Panonian (Pan), and 
Steppic (Step). 
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LS durations are given in Figure 2c. Shorter growing seasons (approximately three months) are 
associated with rainfed croplands in West Europe, and forests in boreal and mountainous areas. 
Maximum LS values (approximately one year) appear in the Atlantic basin associated with grasslands 
(see Figure 1d). Atzberger, Klisch, Mattiuzzi and Vuolo [41], Jeong, Ho, Gim and Brown [39], and 
Zhang, Tan and Yu [42], and Atzberger, Klisch, Mattiuzzi and Vuolo [41] found similar dates and 
patterns of variability for all phenophases. However, it should be noted that some differences can be 
attributed to the inclusion of crops in the present map.  
The spatial distribution of spring phenophases (i.e., OG) is in agreement with the expected pattern of 
European classification of biogeographical regions and the GlobCover2009 land cover map. Interestingly, 
the spatial variability at a local scale (high frequency component) is determined by the type of land cover, 
whereas at a larger scale (low frequency component) the variability in phenophases matches the pattern 
of the biogeographical regions. 
Figure 3 shows the standard deviation of LSP estimates over the 10-year period. The maximum deviation 
of EOS is larger than for OG in general terms (up to 90 days vs. 60 days, respectively). This could be 
due to either higher uncertainties in the estimates of autumn phenophases or a greater complexity of 
autumn phenology. All phenophases showed a similar spatial pattern in standard deviation which is 
driven mainly by land cover type. Rainfed crops in France and the United Kingdom experienced the 
greatest variability (mostly due to different crop types and management practices), followed also by crops 
in the Steppic biogeographic region (see Figure 4). Forests generally presented a very small variability, 
usually around five days. However, northern latitude forests presented a high variability in OG and a 
low variability in EOS. Although further research on this phenomenon in northern forests is required, it 
could be related to the photoperiod having a more important role in the senescence of northern forests 
(considering that the photoperiod is more stable in time than temperature). 
3.2. Characterisation of the Phenology of the Main Biogeographical Regions in Europe 
LSP varies greatly over broad geographic gradients, according to climate zone and vegetation type [5]. 
Figure 4 shows the boxplot computed from homogeneous pixels of the four major natural vegetation 
types for the different European biogeographical regions. In general, grasslands present the earliest OG 
values, starting around the middle of February, followed by shrublands for which OG starts from the 
first week of March, deciduous trees the second week of April and needle-leaved evergreen forests from 
the same date as deciduous trees until mid-May, depending on the biogeographic region. A similar pattern 
can be observed for the end of senescence. However, there is greater variability within biogeographical 
regions. EOS is reached first by the continental grasslands around the middle of July, followed by 
Mediterranean evergreen forests at the end of August, shrublands from the second week of November, 
deciduous forests from the middle of November, and finally, evergreen forests, which can last until the 
end of the year. Regarding LS, Atlantic grasslands present the longest growing season, which is equal 
to 302 days, followed by the southern evergreen forests with LS over 250 days, and the shrublands and 
evergreen forests of the remaining biogeographical regions which vary between 184 (Boreal) and 245 
(Atlantic) days. Shrublands and deciduous forests have similar growing season lengths (around 220 
days) with slight variation depending on the biogeographical region. 
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Different levels of response to environmental drivers can be observed according to the vegetation 
type. For broadleaved deciduous forests and shrublands, the phenological variations are relatively stable 
in all regions, whereas needle-leaved evergreen forests or grasslands present greater variability between 
biogeographical regions and phenophases. The variation of OG of deciduous trees is grouped into two 
categories: Alpine regions and northern latitudes, such as Atlantic, Continental, and Steppe regions starting 
during the first week of April; and the southern biogeographical regions (Black Sea, Mediterranean, and 
Panonian), which start four days later. EOS dates are more diverse and ranged from 16 November for 
Alpine, Steppe, and Continental regions until 30 November and 2 December for the Black Sea and 
Atlantic Regions, respectively. In terms of LS, it can be observed that deciduous trees of regions with 
higher values of EOS produce slightly longer growing seasons (Atlantic and Black Sea), equal to 240 
and 232 days, respectively, perhaps due to the oceanic influence keeping the temperature warmer for a 
relatively longer period. The timing of grasslands was estimated for the Atlantic and Continental regions 
only, as large homogeneous sites were not found for the remaining biogeographical regions. Grasslands 
present similar OG dates in both regions. However, there are important discrepancies regarding the EOS 
and LS times. Continental grasslands have a median EOS date equal to 196 Julian days (15 July), more 
than four months earlier than Atlantic grasslands (26 December). This results in a LS equal to  
five-and-a-half months for Continental grasslands against a LS of almost a year for Atlantic grasslands  
(11.8 months). Additionally, the variance in estimated EOS for Continental grasslands was significantly 
greater than for other categories. This can be due to the wide longitudinal range of the Continental region, 
but also to greater difficulty in estimating the autumnal phenophases in temperate regions [5].  
Needle-leaved evergreen forests presents a latitudinally controlled phenological pattern which is mediated 
by the influence of relief. OG starts first in the south, around 14 April for Mediterranean and Anatolian 
regions, whereas the rest of the biogeographical regions are from one-to-four weeks delayed according 
to a latitudinal gradient. For Alpine evergreen forests, OG starts later than Boreal evergreen forests, with 
OG dates equal to 16 May and 6 May, respectively. This difference can be due to the influence of Alpine 
Tundra on the estimation of dates for the Alpine region. However, the EOS for Boreal evergreen forests 
is earlier than for any other biogeographical region (4 November), resulting in the shortest LS (184 days). 
The EOS for Steppe evergreen forests occurs 12 days later than for Boreal forests, followed by the 
Continental and Atlantic regions. The EOS for the Mediterranean, Anatolian, Black Sea, and Alpine 
regions spans the start of the calendar year occurring in mid-January. The LS of the three first regions 
mentioned before are quite similar, with LS values of nine months (277, 269, and 277 days, respectively). 
However, the length of the season in Alpine evergreen forests is shorter due to a much-delayed OG  
(7.8 months), which can be influenced by the timing of snowmelt and the photoperiod in the Alpine  
Tundra ecosystem [49].  
Shrubland phenophases are quite similar between biogeographical regions, but have greater variation 
within a region. OG occurs from 4 March to 20 March, and EOS occurs from 8 November to 30 
November. The LS for shrublands varies from 7.3 to 8.5 months. A clear latitudinal gradient could not 
be found for shrublands, presenting a high variance in phenophase date. This variation, especially in the 
Mediterranean region, could be associated to differences in elevation and precipitation, together with 
heterogeneity in the landscape [24]. 
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4. Discussion 
The present research was based on the estimation of the date of different land surface phenological 
events using MERIS MTCI time-series data, providing a description of how OG, EOS, and LS vary for 
major vegetation types across the main biogeographical regions of the pan-European continent. These 
results provide a description of European vegetation phenology for the last decade and provide a potential 
reference point against which to assess future climate impacts on vegetation growth cycles. The phenology 
maps obtained represent one of the most recent characterisations of vegetation phenology at the European 
continental scale, and were computed from MERIS MTCI data from 2002 to 2012 (the whole period of 
MERIS acquisitions) at a spatial resolution (1 km) finer than that of most previous studies. 
The spatial distributions of the estimated OG, EOS, and LS follow the expected pattern of the European 
classification of biogeographical regions. Therefore, the obtained OG, EOS, and LS values are appropriate 
as a reference for analysing regional differences in the long-term variation in phenology cycles [39]. 
However, there were difficulties with obtaining homogeneous pixels for phenology estimation that can 
undermine the reliability of some of these estimates. On one hand, we used GlobCover2009, assuming that 
there were no changes in the natural vegetation land cover during this period. On the other hand, the 
heterogeneity of the landscape in certain regions due to the effects of relief or human factors made it 
difficult to identify sufficient pixels for some land cover types in certain regions. Apart from the issues 
related to pixel mixture, a mixed signal might also exist in a single land cover type due to multi-canopy 
layers [50,51]. In general, estimation for deciduous trees is more reliable than for other land-cover types, 
as they are well represented in all biogeographical regions and tend to form large patches of the same 
vegetation type, reducing the influence of mixed or border pixels. However, shrublands are usually more 
dispersed and less dense than deciduous forests and, therefore, are more likely to be associated with 
noisy (mixed) signals. This effect can be appreciated in the greater dispersion of the boxplots (Figure 4), 
although this greater variability can also be associated with greater relief. Most estimates of phenological 
dates (Figure 4), with the exception of continental grasslands and Atlantic and Steppe evergreen forests, 
were estimated from a large number of locations (hundreds of pure patches for every land cover type) 
within each biogeographical region. Additionally, it should be noted that all dates described in this study 
correspond to median values to minimize the effects described above. Tables 2 and 3 show the statistical 
significance of the differences in the phenology dates of land covers in different biogeographical regions. 
Most biogeographical regions exhibited statistically significant differences for the dates of either OG or 
EOS (p-value < 0.05) and, therefore, different growing seasons, considering both timing and length. The 
differences in the autumn and spring phenology of shrublands between different biogeographical regions 
were significantly greater than those of other land covers. On the contrary, deciduous and evergreen 
forests exhibited greater similarities for OG or EOS dates in certain regions. More specifically, the average 
phenology of Alpine and Continental regions was not significantly different for deciduous forests. This 
is probably due to the broad similarity in their climatic pattern, in particular, the inter-annual pattern of 
temperature distribution. On the other hand, the Anatolian region was not found to be significantly 
different to most of the remaining regions, although the number of homogeneous deciduous tree samples 
(N = 15) might have limited the power of the t-test and, therefore, affected the interpretability of the 
results for this biogeographical region. 
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Table 2. p-values obtained from a two-tailed t-test between the OG of different 
biogeographical regions. Biogeographical regions with non-significant differences in both OG 
and EOS are given in bold. 
Broadleaved Deciduous Forest 
 Alpine Anatolian Black Sea Continental Mediterranean Panonian 
Anatolian 0.067 --     
Black Sea 0 * 0.1 --    
Continental 0.808 0.066 0 * --   
Mediterranean 0 * 0.027 * 0 * 0 * --   
Panonian 0 * 0.105 0.699 0 * 0 * -- 
Steppic 0.467 0.062 0 * 0.507 0 * 0 * 
Needleleaved Evergreen Forest 
 Alpine Anatolian Black Sea Continental Mediterranean  
Anatolian 0 * --     
Black Sea 0 * 0.03 * --    
Continental 0 * 0 * 0* --   
Mediterranean 0 * 0.691 0.001 * 0 * --  
Steppic 0 * 0.03 * 0.816 0.021 * 0.002 *  
Shrublands 
 Alpine Anatolian Black Sea Continental   
Anatolian 0 * --     
Black Sea 0 * 0 * --    
Continental 0 * 0 * 0 * --   
Mediterranean 0 * 0 * 0 * 0 *   
Grasslands 
 Continental      
Atlantic 0.826 *      
* Statistically significant differences. 
Comparisons of the satellite-derived phenological event dates in this study with those from previous 
studies could increase our understanding of the spatial patterns of vegetation phenology across Europe. 
Although, several studies of both LSP and ground phenology have been published in recent years 
focused on Europe or the Northern Hemisphere, most of them are related to phenology changes or trends 
across time, rather than the characterisation of phenological event dates. Apart from the scarce number 
of studies, there are some technical reasons that make a comparison challenging [42]. The determination 
of the timing of vegetation phenophases varies greatly according to different factors, including: (i) the 
methods applied to process the time-series (i.e., filtering or smoothing) [47,52]; (ii) the temporal base 
information estimate [16]; and (iii) the sensors and vegetation indices used [41,53]. Jeong, Ho, Gim and 
Brown [39], using NDVI time-series from different sensors, estimated the OG of temperate vegetation 
in the Northern Hemisphere from 21 March to 20 May, and the EOS from 17 September to 26 November. 
Although the same latitudinal and longitudinal pattern can be observed (Figure 2), there are significant 
differences in terms of their study design and data used that make a comparison between the absolute 
dates difficult. The latitudinal range of the mentioned study is narrower, as they did not consider crops, 
which are present in many areas of southern Europe. Based on estimation for homogeneous pixels only 
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(Figure 4), our findings revealed a different timing for the phenological events: the earliest OG occurred 
for the Atlantic grasslands around 17 February and the latest for Alpine evergreen forests on 16 May. 
EOS ranged from 5 July (Continental grasslands) to16 January (Mediterranean evergreen forests). On 
the other hand, comparing our results to the dates for deciduous trees from the International Phenological 
Gardens (IPG) dataset reported by Chmielewski and Rötzer [54], we obtained an earlier pattern for spring 
phenology and a delayed pattern for autumn. Specifically, LSP, OG, and EOS occurred 11 days earlier 
and 30 days later than the start and end of the season of IPG trees, respectively. This has been reported 
as expected by different studies that compare LSP and ground phenology [16]. However, it should be 
noted that the study period of the cited study and the definition of start and end of the season are different. 
Table 3. p-values obtained from a two-tailed t-test between the OG of different biogeographical 
regions. Significant differences are highlighted with an asterisk. Biogeographical regions 
with non-significant differences in both OG and EOS are given in bold. 
Broadleaved Deciduous Forest 
 Alpine Anatolian Black Sea Continental Mediterranean Panonian 
Anatolian 0.271 --     
Black Sea 0 * 0.137 --    
Continental 0.324 0.25 0 * --   
Mediterranean 0 * 0.999 0 * 0 * --  
Panonian 0.168 0.364 0 * 0.086 0 * -- 
Steppic 0.021 * 0.366 0 * 0.001 * 0 * 0.949 
Needleleaved Evergreen Forest 
 Alpine Anatolian Black Sea Continental Mediterranean  
Anatolian 0.836 --     
Black Sea 0.154 0.202 --    
Continental 0.048 * 0.328 0 * --   
Mediterranean 0 * 0 * 0 * 0 * --  
Steppic 0 * 0.018 * 0 * 0.006 * 0 *  
Shrublands 
 Alpine Anatolian Black Sea Continental   
Alpine --      
Anatolian 0 * --     
Black Sea 0 * 0 * --    
Continental 0 * 0 * 0.001 * --   
Mediterranean 0 * 0 * 0.38 0 *   
Grasslands 
 Continental      
Atlantic 0 *      
* Statistically significant differences. 
5. Conclusions 
MERIS MTCI time-series were used to spatially characterise the phenology of the pan-European 
continent, and this phenology was analysed by main vegetation type and biogeographical region. Spatial 
variability in OG, EOS, and LS was determined by analysing homogeneous groups of vegetated pixels, 
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defined in terms of vegetation type and biogeographical region. In line with expectations, incremental 
latitudinal variation was observed for OG, whereas the opposite pattern was found for EOS, when 
considering natural vegetation. However, this latitudinal gradient was interrupted in mountainous regions. 
In terms of longitude, coastal regions experienced an earlier OG and more delayed EOS than interior 
regions. Statistically significant differences existed between biogeographical regions in terms of the 
dates of both OG and EOS for all land cover types considered in this study. 
The phenology maps produced here represent one of the most comprehensive and recent assessments 
of the land surface phenology of continental Europe at a 1 km spatial resolution. The spatial variability 
of phenology can be used for tuning models of carbon emissions and can play an important role in monitoring 
programmes for the management of natural vegetation. Further research is needed to study and 
understand the main drivers of LSP in Europe among different land covers and biogeographic regions. 
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